Resonant frequency shift vs. added mass equations for low-mass loading in gas atmosphere 5. 3 Resonant frequency shift vs. added mass equations for low-mass loading in solutions 6.
CONCLUDING REMARKS 7.
LIST OF SYMBOLS AND ACRONYMS 8.
REFERENCES INTRODUCTION
The rapid expansion of the field of piezoelectric sensing devices, within the larger area of chemical sensors and biosensors, requires improved classification and characterization of relevant concepts and principles. The present report addresses mostly the application of piezoelectric sensing devices in electroanalytical chemistry based on the quartz crystal microbalance (QCM) technology, and it has been coordinated with relevant documents of physics and electrical engineering [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . The piezoelectric effect arises when pressure applied to a dielectric material deforms its crystal lattice which causes separation of centers of opposite charges giving rise to dipole moments of molecules. The piezoelectric properties of crystals can be predicted from their crystallographic structures. Piezoelectricity occurs in crystals with no symmetry centers. If electrical contacts (electrodes, electronconducting metal films) are applied to the sides of a thin slab or rod of a piezoelectric material, current will flow through an external circuit when stress is applied to the crystal. When the stress is released, then the current flows in the opposite direction. The converse piezoelectric effect is experienced when alternating voltage is applied to the attached electrodes. Then, mechanical oscillations occur within the R. P. BUCK et al.
crystal lattice. These oscillations are stable only at the natural resonant frequency of the crystal. At that frequency, impedance of the crystal to the exciting voltage is low. If the crystal is incorporated into the feedback loop of an oscillator circuit, it becomes the frequency-determining element of the circuit, as its quality factor, Q, is very high. The quality factor is inversely proportional to the resonance bandwidth, which makes the precise determination of the resonance frequency possible.
The crystal cut determines the mode of oscillations. For instance, the AT-cut quartz crystals, vibrating in a thickness shear mode, are used for the majority of piezoelectric work in analytical chemistry in liquids and gas phase. The oscillation frequency decreases when the crystal is loaded with mass. The resonant frequency depends on the viscoelastic properties of the crystal and that of the adjacent phase, as determined by the coupling boundary conditions. Selective surface films can deliberately be applied over the oscillator, such as the quartz crystal, in order to enhance selectivity, i.e., the specific mass response caused by adsorption or absorption of an analyte.
The piezoelectric crystals patterned with electrodes (electronic surface films) on their opposite sides are often referred to as piezoelectric vibrators. A piezoelectric vibrator in combination with the oscillator circuit is called a piezoelectric oscillator. A piezoelectric chemical sensor is a piezoelectric oscillator that responds to changes in the chemical composition of its environment with changes of the resonant frequency, or wave speed. Piezoelectric chemical sensors are generally selective surface filmcoated piezoelectric crystal oscillators. The surface film coating boosts selectivity through selective adsorption or absorption. Piezoelectric biosensors apply layers with biocatalytic or bioaffinity functions as selective surface layers over the oscillator surface. 
MEASUREMENTS WITH CHEMICAL SENSORS: GENERAL RECOMMENDATIONS WITH RESPECT TO PIEZOELECTRIC SENSING DEVICES

Measured variables and output signals
Variable values, measured with piezoelectric sensing devices, are usually digital quantities. Resonant frequency (fundamental, f 0 , or harmonic, f n ), resonant frequency change (∆f), phase angle (ϕ), acoustic wave speed (ν), acoustic wave speed change (∆ν), or relative changes of these quantities with respect to some reference values (∆f/f or ∆ν/ν) are measured depending on the type of a piezoelectric sensing device used. A frequency counter or a phase matching circuit is often used for that purpose.
Intrinsic calibration plot
This is a plot of the measured variable (see Section 2.1.2), vs. the apparent mass, M, of the analyte. Generally, the plot is monotonic. The slope of the calibration plot is predicted theoretically from the Sauerbrey equation (see Section 5.1). A theoretical (linear with constant slope) calibration plot is expected in the low-mass loaded, acoustically thin (rigid) film regime when the material adsorbed or deposited on the surface is uniformly distributed (see Section 2.2.1). Thin, rigid films have very small acoustic phase shift, i.e., they are considered "acoustically thin" films. In "acoustically thin" films, the shear deformation is negligible. The film behaves as an ideal mass layer that moves synchronously with the resonator surface. However, when the film is thicker or more compliant (e.g., a viscoelastic polymer coating), the displacement applied by a piezoelectric resonator (quartz) can undergo a significant phase shift in propagating across the layer. As the acoustic phase shift becomes significant, so do the interference effects. When the phase shift approaches π/2 rad, the interference becomes constructive and there are sharp variations in the resonant frequency [14, 15] . This condition is called film resonance [16, 17] .
Extrinsic calibration plot
This is a plot of the measured variable (see Section 2.1.2), vs. concentration (or activity) of the analyte in the ambient (external) phase. This plot depends both on the adsorption isotherm (or extraction properties of a selective surface film; see Section 2.3.3) and on the intrinsic calibration plot (see Section 2.1.3).
2.2
Terms and definitions related to analytical measurements
Sensitivity
In case of low-mass loading and absence of non-mass-related frequency changes, the intrinsic calibration plot is linear, ∆f = -C f (∆M/A). The slope of the plot, i.e., the measured frequency change per unit mass change, ∆f/∆M, represents the integral mass sensitivity, C f , typically, expressed in Hz cm 2 ng -1 .
The differential mass sensitivity, c f = df/dm, describes the frequency change due to a change of local mass, m, on acoustically active area, A, of the quartz crystal (see also Section 3.1.5). The differential mass sensitivity varies across this area. The integral mass sensitivity is defined by the integral of the differential mass sensitivity over the acoustically active area [2, 3, [18] [19] [20] [21] . For the typically used round shape, thickness shear wave piezoelectric oscillators, C f is expressed as:
C f for rectangular shape oscillator is expressed as:
Expressions for other geometrical shapes can be found in [20] . A calibration plot is expected to be linear if the analyte coating is uniformly distributed over the acoustically active area at low values of mass loading, typically lower than 2 % of the quartz crystal mass and is typically lower than 20 µg/cm 2 .
Limits of detection and linear concentration range
A typical calibration plot is shown in Fig. 1 . By analogy to other metrological definitions [22] , the lower detection limit is defined as the concentration (or activity) of the analyte for which the measured signal (e.g., frequency or frequency change) deviates from the average signal value in Region I by a multiple of the standard deviation of a single measurement of the limiting low concentration (or activity) in Region I. The selected multiple value depends on the adopted statistical significance level.
Certain other metrological simplifications used in other areas of analytical chemistry cannot be recommended here because, generally, the functional relation of the measured variable and concentration is unknown, and if it is known, then it is not necessarily linear. However, extrapolations of linearized, mid-range responses on a linear concentration scale (Region II in Fig. 1 ) may be possible. The latter intersection defines the lower detection limit. Similarly, an upper detection limit is defined for devices that become insensitive to high concentrations (or activities). The upper detection limit is the concentration (or activity) of the analyte for which the measured signal deviates from the limiting high-concentration (or activity) response by a multiple of the standard deviation of a single measurement in the limiting high-concentration range (Region III in Fig. 1) . Again, the selected multiple value depends on the adopted statistical significance level. Accordingly, the linear concentration range is defined as the concentration range between the lower and upper detection limits.
Since many factors affect the detection limits, the experimental conditions used, such as composition of the gas, vapor, or solution analyzed as well as composition of the selective surface film, its his- 
Hysteresis
Hysteresis is defined by the failure of the measured signal that has been altered through changes in the ambient conditions (e.g., concentration) to return to its original value when the alteration is removed. Usually, hysteresis has kinetic origins. Therefore, reversible values of the measured signals are expected if sufficient time is allowed for the system to return to its initial condition.
Repeatability
Repeatability of the measured signal with the piezoelectric chemical sensor is determined similarly to other sensing devices [23] in repeated experiments under the same ambient conditions (e.g., concentration), but following diverse preceding ambient conditions. The standard deviation of the measured signal (e.g., frequency) in these repeated experiments is called repeatability. If hysteresis of the piezoelectric device is distinct, then the repeatability will be poor. Repeatability is defined by the International Organization for Standardization (ISO) as the precision under repeatability conditions, i.e., conditions where independent test results are obtained with the same method on identical items in the same laboratory by the same operator using the same equipment within short intervals of time (ISO 3534-1) [24] . Repeatability of results of measurements is defined by IUPAC as the closeness of the agreement between the results of successive measurement of the same measurand and carried out under the same conditions of measurement [22] . 
Interfering substance and selectivity
Interfering substance
Interfering substance is any substance, other than analyte, whose presence in the sample affects the measured signal of a piezoelectric sensing device. Interfering substances fall into two categories, i.e., "device" interfering substances and "method" interfering substances. "Device" interfering substances induce a device response (measured signal or measured signal change) similar to that generated by the analyte. The presence of interfering substances falling into this category generally results in an apparent increase in the concentration (or activity) of the analytes. These interfering substances interact with the selective surface film (see Section 2.3.3) in a similar way as the analytes. At high solution concentrations, even highly discriminated substances may induce "device" interference as they are absorbed into the selective surface films in appreciable concentrations by ion exchange, extraction, etc.
"Method" interfering substances interact with the analyte generating "method" interference. The presence of interfering substances falling into this category decreases the apparent activity (or concentrations) of the analytes.
Selectivity
The selectivity of a piezoelectric device refers to the degree to which it is free from interference by other species contained in the sample matrix. Selectivity is a measure of the relative contribution of the measurand to the changes in the measured variables (e.g., to the mass increase of a selective surface film), compared to the contributions of similar substances. Piezoelectric devices are not substance selective. Typically, selectivity is induced by both a selective surface film and the chemical properties of analytes. Selectivity can be improved by the deconvolution of the total change of the measured signal into contributions of individual substances via concentration and time dependencies under thermodynamically and kinetically controlled conditions. In fact, an apparent mass increase may be caused by processes other than the mass increase of the surface film due to uptake of the analyte.
Response time
Short-and long-time constants
The short-time constant is the shortest time required to establish a measured apparent mass point. This time is typically about 2.5 cycles of the mass indicating frequency, being roughly of the order of 1/f 0 . In practice, the time needed to achieve readings of the frequency counter stable within 0.1 Hz, is determined by the counter.
The long-time constant is determined by the time elapsed after a change of external concentration (or activity) of the analyte and the establishment of a new stable reading of the frequency counter. The long-time constant is controlled by the rate of mass transport to the oscillator surface and/or into the film deposited onto it. If the transport rate is controlled by diffusion then, generally, the long-time constant is in the order of d 2 /D where d is a diffusion boundary layer or film thickness and D is the apparent diffusion coefficient. In polymeric selective surface films, "polymer reconfiguration", i.e., mass reorganization, may occur over an extremely large time span, i.e., from milliseconds to months. In such cases, the long-time constant can be viewed as the time required for establishing coupling between the quartz crystal and the adjacent film. Its magnitude is of the order of Q/πf 0 . 
Practical response time
Practical response time is defined as the time which elapses between the instant at which a piezoelectric sensor is brought into contact with a sample (solution or gas) or at which the concentration of the substance of interest in the sample is changed and the first instant at which the slope of the time dependence of the measured variable (e.g., ∆f/∆t) becomes equal to a preliminary determined threshold value, characteristic for the piezoelectric crystal. The selection of the threshold value determines the practical response time and influences the precision and accuracy of the determination. This definition invokes ideal and desirable, span-independent conditions. Comment: The use of the practical response time, defined as the time elapsing between the instant at which the environment of the piezoelectric sensor is changed and the first instant at which the measured signal of the piezoelectric sensor becomes equal to a fixed value (t*) or reaches a given fraction of the total expected change of the measured variable (e.g., 95 %, t 95 ), requires initial knowledge of a new steady-state value which, however, may not be available. Nevertheless, specific values of ∆f/∆t can be related to t 95 or t* through mathematical models, provided that longterm frequency or phase-determining processes have been identified. However, it seems doubtful that relationships fully describing practical response times can be derived, in view of different functional dependencies that characterize responses of the piezoelectric sensors, both at shortand long-time domains.
2.3
Basic terms and definitions related to piezoelectric sensing devices
Piezoelectric sensor
A piezoelectric sensor is a device that responds to changes occurring in its environment with changes of the resonant (fundamental or harmonic) frequency, or wave (phase) speed. Bulk and surface acoustic wave piezoelectric sensors are distinguished depending on the way of the wave propagation. The resonant frequency primarily depends on thickness of the piezoelectric crystal and the attached layer, on the viscoelastic properties of the crystal and that of the adjacent phase, as determined by the coupling boundary conditions. Mass loading, ambient viscosity, and electric permittivity, compression or extension stresses, local electric fields, charge, film conductivity, and surface tension affect the coupling conditions.
Electronic surface film
Electronic surface films are electron-conducting coatings (partial or complete) over the faces of piezoelectric crystals. They are used to stimulate oscillations, measure resonance parameters, and/or provide a surface layer for adsorption, absorption and chemical or electrochemical reactions of substances of interest. One or several purposes may be served simultaneously. Typical coatings are the 100-nm-thick Pt, Ag, or Au films. An underlayer used to increase the film adhesion (e.g., a 20-nm-thick Cr or Ti film) and its preparation procedure should be specified along with the design of the electronic surface film (continuous rather than interdigitated, IDT, see Section 4.2). The mode of oscillation and the type of the sensor is determined by the nature of the electronic surface film or films. The electronic surface film is often a part of an electrochemical cell. In that case, a reference electrode and, most often, an auxiliary electrode are required to complete the circuit (see Section 3.2.2).
Selective surface film or coating
Selective surface films and/or coatings are thin layers of material attached to one or both sides of the crystal, or one region (channel) of an oscillator to provide selectivity through adsorption or absorption of substances of interest from a complex sample matrix. Absorption usually involves partitioning, extraction, or ion exchange. General guidelines used in chromatography apply in choosing materials for selective surface films. The films of adsorbed or absorbed substances may be conductive or nonconductive. In case of conducting films, the measured variables are more attenuated and they contribute to frequency shifts that reciprocally correspond to the space charge relaxation times. The effect of charge contributes to the resistance and capacitance values in the extended impedance model (see Section 3.2.3). The surface coverage of molecules in the surface film should be specified.
Quartz crystal microbalance (QCM)
Quartz crystal microbalance (QCM) is a thickness-shear-mode acoustic wave mass-sensitive detector based on the effect of an attached foreign mass on the resonant frequency of an oscillating quartz crystal. The QCM responds to any interfacial mass change. Initially, QCM has been used as a mass sensor in the vacuum and gas-phase experiments. However, the response of QCM is also extremely sensitive to mass and viscoelastic changes at the solid-solution interface. In order to boost selectivity, selective surface films are applied. In contrast to the inherent oscillator material, such as quartz, these films may suffer, however, changes in their elastic constants by virtue of absorption of ambient substances (e.g., parameters of a deposited palladium surface film change after absorption of hydrogen).
Comment: In view of a broad interest in selective surface films and the determination of the mass and mass changes of these films, generally, the "apparent" mass or "apparent" mass changes are insufficient for documenting experimental results. Also, other parameters (see Sections 2.3.1-2.3.3) should be reported.
Electrochemical piezoelectric sensor assembly
An electrochemical piezoelectric sensor assembly is a combination of the piezoelectric sensor and an electrochemical cell containing the sample electrolyte solution, the reference electrode, as well as other electrodes as required, driving oscillator, amplifiers, and readout unit(s). In most electrochemical experiments, the piezoelectric crystal (e.g., quartz crystal) with the attached electronic and selective surface films (piezoelectric sensor) is clamped between two O-rings. Generally, only one crystal face and one oscillator electrode, which serves both as a part of the oscillator circuit and as the working (indicator) electrode in the electrochemical cell, are in contact with the sample solution. The ac excitation voltage can be easily separated electronically from the electrochemical dc potential. The assembly may have its special name, such as electrochemical quartz crystal microbalance (EQCM). Most often, AT-cut (thickness shear mode) quartz crystals are used. Various examples of applications of EQCM in electrochemistry and electroanalytical chemistry, particularly in sensor applications, are reported in numerous review articles [5, [7] [8] [9] [10] [11] [12] [13] 18, 25, 26] .
BASIC TERMINOLOGY OF PIEZOELECTRIC MATERIALS
Materials-related terms
Piezoelectricity
Piezoelectricity is a property of certain classes of material including natural crystals of quartz. In piezoelectric materials, mechanical strain is generated by application of an electric field or, conversely, an electrical polarization is generated by application of mechanical stress.
Piezoelectric materials
Piezoelectric materials are found in 20 out of 21 crystal space groups with no symmetry centers. Piezoelectric materials may be organic or inorganic solids. They may contain intrinsic electric fields, especially if unequally charged substances are present in their structures. Piezoelectric materials should be specified, although α-quartz is most commonly used for presently constructed sensors. Ferroelectrics are materials, initially isotropic, that are subsequently polarized above their Curie temperature by application of a strong electric field to induce anisotropy (poling) and strong piezoelectric properties. Prepolarized crystals have a preferred direction, the poling direction, called "z".
Transducer-oscillator material configurations
Among the many piezoelectric materials, α-quartz is most commonly studied and used as piezoelectric oscillator, because desired features can be achieved through various cuts of its native crystals [2, 3, [27] [28] [29] :
(i) small temperature dependence of the resonant frequency for room temperature operation or for low temperature operation, and (ii) small dependence of the resonant frequency on built-in stress from applied contacts or surface films.
A typical "thick" crystal plate is a cylindrical disk of a diameter 10 mm and thickness about 0.7 to 0.1 mm for resonant operation in the 2 to 15 MHz frequency range. Most commonly used plate oscillators are cut to exhibit longitudinal (thickness expander) modes or thickness shear modes. For quartz, cuts across the X-axis, Y-axis, or so-called rotated Y-cuts are used. Various designations of cuts appear in the literature: X-cut (thickness expander), AC, AT (thickness shear), DT (plate shear), BT, ST (horizontal shear), SC (stress compensated), etc. Symbol T specifies a cut with minimal temperature dependence of the resonant frequency. Within these general cuts, there are subgroups (e.g., planar, planoconvex, and others). These cuts should be specified, as their properties are very important for the piezoelectric sensor performance. Electronic surface films and electrical contacts are usually accomplished by vacuum deposition, sputtering or electroplating of metal films on both crystal faces [3, 8] .
Modes of oscillation
The typical formats of piezoelectric devices and the corresponding particle motions and crystal deformations are summarized in Fig. 2 . A rectangular solid bar may exhibit three types of vibrations, i.e., longitudinal (bulk extension and compression), lateral (flextural and shear), and torsion along each three axes. Vibrations of a rectangular sheet (with two large dimensions and one small dimension) are of the same type, but their coupling is characteristic. The characteristic sheet vibrations are afforded by placing the electrical stimulation constant on opposite faces or on the same face. Most importantly:
(i) Shear vibrations are generated if one large crystal face moves parallel with respect to the underlying planes as, e.g., in QCMs with AT-cut crystals. This crystal wafer is prepared by cutting the quartz at approximately 35.17°from its Z-axis. If ac voltage is applied across the crystal, by means of two excitation electrodes deposited on its opposite faces, then shear vibration is generated in the X-axis parallel to the electric field, i.e., one face displacing parallel to the other without thickness change. (ii) Bulk expander vibrations change the crystal dimensions in one direction. (iii) Surface elastic waves propagate along a crystal surface by moving surface particles both in and out of the plane (normal to the surface) and along the surface (in the plane). These waves were analyzed by Lord Rayleigh and are characteristic of many materials, not necessarily piezoelectric ones. The crystal is affected to the depth of only a few wavelengths, i.e., about 100 µm for the typical wavelength of about 30 µm. Then, particles are displaced by a few tenths of nanometer. Bulk and surface waves propagating through semi-infinite media are usually nondispersive, i.e., wave speed is independent of frequency. However, the presence of interfaces, especially in layered structures, and the use of thin plate oscillators of one dimension comparable with the wavelength, introduces dispersion. (iv) Complex bulk waves, such as horizontal shear waves, are often dispersive in oscillators of thickness comparable to the wavelength. There are various acoustic plate modes. They are called by various names: Lamb, generalized Lamb, Love, Sezawa and others. Usually, a thin transducer is layered with a second material whose properties change with the ambient. Figure 2 illustrates some of these oscillators in relation to devices built from them.
Clamps and edges
There are three regions of a quartz crystal oscillator:
(i) the outer edge of the crystal that may (or may not) be clamped to a rigid support; (ii) the central portion of the crystal lying between the electronic surface films (oscillator electrodes); and (iii) the remaining region between the electronic surface film region and the edges.
The central part of the crystal between the oscillator electrodes is driven into oscillations of the largest amplitude, i.e., the differential mass sensitivity reaches maximum at the center of the plate. The amplitudes of the oscillations decrease with the increase of the distance from the near-resonant regions and certain frequencies are severely damped. Finally, at the edges, the oscillations are not permitted. Usually, the sizes of the two excitation electrodes are slightly different in order to decrease the capacitance effect. The smaller electrode determines the piezoelectrically active area.
3.2
Transducer-related terms
Narrow-and broad-band piezoelectric sensors
Applications of piezoelectric sensors have focused on narrow-band transducers, e.g., crystalline oscillators, notably quartz, because of their low electromechanical coupling factors and high mechanical Q values, i.e., low mechanical energy losses. For piezoelectric sensors, materials are chosen whose intrinsic energy losses are small, unless mechanically coupled to another layer of a material whose properties are expected to dominate the change in the oscillator frequency. For the LRC oscillator circuits, the Q factor is the measure of freedom from energy loss or effectiveness of energy storage, as measured by the number of cycles, N, per decay time: shows low attenuation, i.e., high Q value and low electromechanical coupling. That is, Q is in the range 10 6 to 10 8 in air or vacuum and 1000 to 3000 in contact with a liquid phase. Narrow-band resonators feature sharp resonant frequency values with a few percent bandwidth. Precise measurement of the frequency, attenuation, and phase speed values is possible. Ceramic piezoelectric materials are most often found in broad-band, non-sensor applications.
Impedance characteristics of quartz oscillator circuits
Impedance analog
A quartz crystal, coated with electronic surface film and connected to an oscillator circuit (piezoelectric oscillator), such as that presented in Fig. 2 , is driven into oscillations by an applied ac voltage. Of course, the "resonant" frequency can be experimentally determined by noting a large Q value of the crystal and corresponding low energy loss. This characteristic response suggests the properties of the low-resistive-loss "tank" circuit, i.e., a series LRC circuit. It further suggests that there must be similarities between other oscillating systems that obey second-order linear equations with constant coefficients. Indeed, the quartz oscillator circuit is analogous to a weight on a spring, a pendulum, and a plucked string. The latter is particularly appropriate, as illustrated in Fig. 3 . All of these masses that can move, convert energy from stored (potential) to motion (kinetic), and have some small damping (energy loss). In addition, charges move and opposite charges separate in space for piezoelectric crystals. These factors lead to the electrical equivalent shown in Fig. 4. 3.2.2.2 Equivalent circuit of quartz crystal and quartz crystal with electronic surface films A normal series "tank" circuit mentioned above, without the parallel capacitor, is shown in Fig. 4 . The electronic surface films add their own parallel "geometric" capacitance. The correspondence between mechanical and electrical circuit parameters can be written by comparing the coefficients in the equations of motion [7, [30] [31] [32] . The impedance of the "tank" circuit is simply a circle in the complex impedance plane plot of negative imaginary impedance, -Z Im , as ordinate, and real impedance, Z Re , as abscissa with zero at the intersection. The frequency of the applied perturbation is parametric variable running counterclockwise around the plot. The impedance is zero both for zero and for infinite frequency. The second zero value of Z Im corresponds to the resonant frequency.
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The corresponding admittance plane plot is a closely related circle when Y Im is plotted against Y Re . However, the frequency variable runs clockwise around the semicircle. The admittance planes are plotted for circuits with the "tank" alone as well as with "tank" and a parallel capacitor, in Figs. 5a and 5b, respectively. Note that two resonant frequency values are possible, i.e., f p and f s , as it is discussed in Section 3.2.4 (eqs. 3 and 4).
Selective surface films of a transmission line character
An oscillator coated with a thick film may approach infinite transmission line behavior. A thin film may be equivalent to finite transmission lines. These conjectures are based on extension of the wave propagation theory for two contacting phases with different densities and shear moduli to a series of phases. Each phase should contribute different values of resistance, capacitance, inductance, and shunt resistance, and capacitance per unit length. Figure 6 shows a simple equivalent circuit (without shunts) that is deduced from impedance measurements. The various R, L, and C quantities correspond to quartz (subscript q for the quartz), electrolyte (subscript L for the liquid) and selective surface film (subscript f for the film).
The composite oscillator should not lose much energy to the measuring circuit if sensors are to be used to monitor or determine mechanical properties of a specimen. That is, the electrical measuring circuit should be deliberately mismatched so that the circuit Q value is much larger than the resonator specimen Q value.
Bulk and surface waves propagating through semi-infinite media are usually nondispersive, i.e., wave speed is independent of frequency. However, the presence of interfaces, especially in layered structures, and the use of thin plate oscillators of one dimension comparable with the wavelength introduces dispersion.
Equivalent electrical constants and symbols
Oscillations of the piezoelectric crystal, induced by an external electric circuit, correspond to electrical circuit elements, such as capacitance, C, inductance, L, and resistance, R, in series, as shown in Figs. 4a and 4b. The capacitance can be viewed as connected with symmetric vibrations that separate charge, although it is the net uncompensated charges on the surface that are important. The inductance may be connected with vibrations that move net (uncompensated) charge in space while the resistance is related to the energy loss mainly through external phases and surface films.
Since the crystal is mounted and coated with electronic surface films, there may be stray resistance and capacitance to ground from wires as well as geometric capacitance of the crystal itself, i.e., a dielectric contained between electronic surface films, C 0 . The latter is the important parallel quantity and along with other quantities has "clamped" values. The C l , L l , and R l quantities are related to mechanical properties, i.e., C l to elastic constants, L l to system mass including the electronic surface films and selective surface film, and R l to external (acoustic) load. There are two resonant frequencies, i.e., f s corresponding to the series combination of C l , L l , and R l and f p for the whole parallel circuit arrangement. Whereas the resonant frequency of an ideal loss-free quartz crystal would be:
the modified resonance occurs at:
and
Further definitions
A number of publications cover the relevant principles and definitions [1-5,7-11].
CLASSIFICATION OF PIEZOELECTRIC CHEMICAL SENSORS
Device assemblies and the included transducer should be described, first, in terms of the mode of oscillation. The common categories are designated by capital letters. The secondary description refers to the transduction method, which may involve continuous, interdigitated, or wedge electronic surface films, optical contacts rather than electrical, and indirect contacts through space. The position of the electronic surface films, which may be placed on the same or opposite faces of the oscillator, and the position of a selective surface film with respect to the electronic surface film, should be specified. Also, the contacting external phases, i.e., gases or liquids, and the symmetry of their placement against the oscillator crystal should be defined.
Shear-wave or thickness-shear-mode acoustic wave sensors
These are single-port sensors, called quartz crystal microbalances (QCMs) if the resonators are made from quartz (see Section 2.3.4). Usually, a cylindrical, about 100 µm thick, AT-cut quartz crystal disk is used with electronic surface films patterned on its opposite sides. The pattern is roughly circular and centered with lead or pad contacts running to the disk edge. The electronic surface film area is usually a fraction, about 0.1, of the quartz surface area. The crystals operate at relatively low frequency, typically 3 to 15 MHz. There are three types of QCMs:
Sensor with both oscillator sides contacting ambient gas
Sensor with one oscillator side contacting a solution and the other side contacting ambient gas
Sensor with both oscillator sides contacting a solution
Surface wave, surface elastic wave, or surface acoustic wave (SAW) sensors
Surface acoustic wave sensors are two-port devices. Two sets of IDT electrodes, i.e., "finger" patterned electronic surface films, are deposited on the "top" side of a piezoelectric crystal as transmitter and receiver. This surface, patterned with the electronic surface film, is exposed to ambient gas or solution or is coated with a selective surface film. Radiowave frequencies applied to the transmitter electrodes pro-
duce a synchronous mechanical stress in the crystal which, in turn, produces an acoustic wave with both longitudinal and vertical shear components. This surface wave propagates along the surface of the piezoelectric crystal and is received at the second set of electrodes, where the mechanical vibrations are translated to a voltage. Surface acoustic wave sensors generally operate at higher frequencies than QCMs.
Single evenly spaced IDT sensors
The spacing of the "fingers" is repeated at a distance, l, in a single evenly spaced IDT sensor. It launches waves of wavelength, λ, in both directions. Close to the resonance frequency or to an odd harmonic of it, the amplitude approaches maximum.
Single oddly spaced IDT sensors
Single odd spaced IDT sensors launch broad-band waves.
Filter or delay line
Filter or delay lines use two sets of evenly spaced fingers. One of them serves to launch and the other to receive diminished amplitude waves, and/or to determine the delay time by using pulses.
Surface wave resonator
Surface wave resonators use two sets of evenly spaced fingers. They are connected together and resonate at frequencies determined by the spacing between the launching and receiving fingers.
Surface wave resonator with high Q
Surface wave resonators with high Q use two sets of evenly spaced fingers. They are spaced to match to the natural resonant frequency of the quartz.
Two-channel sensors
In two-channel sensors, one channel is coated with a selective surface film. Differences are measured in the resonant frequency and delay time values of two channels.
Wedge bulk wave transducer
A wedge bulk wave transducer couples into the surface wave and provides an alternate method for generating surface waves without the IDT pattern.
Two-port sensors in thin-plate mode
Acoustic plate (bulk wave) mode
These sensors often operate at higher frequencies than QCMs and are thus more sensitive to apparent mass changes. The bulk wave resonator includes IDT patterns launching and receiving electronic surface films to generate and detect shear horizontal plate modes. The IDT films are located on the face of the thin quartz plate opposite to the face exposed to solution or coated with a gas-sensitive selective surface film. Plates are typically 0.5 mm thick, and 25 to 75 fingers are patterned.
Acoustic plate (Lamb wave) mode
In acoustic plate devices, the thickness of the oscillator is infinitely larger than the wavelength of the propagating wave λ. When the thickness of the SAW oscillator is reduced, so that it becomes comparable to λ, the whole plate becomes involved in the periodic motion and a symmetric and antisymmetric Lamb wave is created. This happens in plate-mode oscillators with thicknesses of a few micrometers.
5.
FREQUENCY RESPONSE EQUATIONS FOR QUARTZ CRYSTAL MICROBALANCES
Symbols, as well as dimensional, mechanical, and electrical constants, are listed in Section 8. Subscripts q, f, g, and L refer to quartz, surface film and ambient gas or liquid, respectively.
5.1
Resonant frequency shift vs. added mass equations for low-mass loading in vacuum
Sauerbrey limiting equation
The Sauerbrey limiting equation for a quartz crystal oscillator with uniform (constant density and thickness) surface film covering the acoustically active area of the whole crystal [1] [2] [3] [4] [5] [7] [8] [9] [10] [11] :
follows from (7) and (8) under the assumption that the film density and shear modulus are the same as those of quartz. The only difference between the film-coated and uncoated quartz is then the added thickness, ∆t f . There may be non-mass-related frequency changes due to stress [18] and temperature effects. The mechanical stress is due to the deposition of materials with high compressive stress. Materials with high compressive stress tend to bend the crystal and influence the radial sensitivity of the resonating quartz. Bending can also occur by improper mounting of the crystal in the holder, which tends to promote spurious secondary modes of oscillation. The frequency shift due to the stress effect can be separated from the mass effect by using the double resonator technique. The origin of the stress effects are explained and described in detail in [3] . The variation of the frequency as a function of temperature is very low in the case of standard AT-cut crystal (35.17°) between -10 °C and +50 °C [3] .
5.2
Resonant frequency shift vs. added mass equations for low-mass loading in gas atmosphere (9) Where p is the gas pressure; ρ g and η g are gas density and viscosity, respectively [33] . Hence, the frequency shift, for instance for measurement in air vs. vacuum is smaller than 10 Hz. 
5.3
Resonant frequency shift vs. added mass equations for low-mass loading in solutions
Quartz oscillator contacting a viscous solution with one face only
The solution of the boundary value problem for the quartz oscillator contacting a viscous solution (subscript L) with one side only is:
Hence, the theoretically expected frequency shift from air to water or aqueous solution, for instance, for a 10 MHz crystal, is about 2 to 4 kHz. However, this value is usually underestimated. The observed frequency shift is often 1.5 to 3 times higher. This discrepancy is ascribed to the differences between the surface and bulk values of viscosity and density, hydrophilic or hydrophobic nature of the surface, intermolecular forces, electric double layer structure, etc. If the solution is in contact with both oscillator faces, then the frequency change is multiplied by a factor of two.
A lack of conformance with the Sauerbrey equation may be traced back to viscoelastic effects, high-mass loadings, surface roughness, surface stress, interfacial slippage, nonuniform mass distribution, and changes in the ambient temperature [3, 7] . These non-mass-related changes in the measured frequency are related to changes in the morphology of the selective surface film (viscoelastic effects), decreasing sensitivity of the QCM (high-mass loading), trapping of liquid in surface cavities (surface roughness) [5, 41] , asymmetrical cell arrangement (surface stress), and the coupling between the oscillator surface and the adjacent solution (interfacial slippage). Some of these "non-mass" related frequency shifts are taken into consideration in advanced models [31, 38] .
Quartz oscillator coated with a selective surface film of the same mechanical
properties as quartz An additional frequency shift is expected in the presence of a selective surface film of the same mechanical properties as those of quartz. Relative to vacuum, the total frequency shift is then the sum of terms, i.e., when the crystal oscillator is placed into a viscous medium and when mass is added [7] : (11) 
Quartz oscillator coated with a viscous surface
If a selective surface film is viscous, then its behavior is expected to be "non-ideal". In such a case, the apparent mass changes calculated from the Sauerbrey equation may be erroneous. However, impedance measurements and QCM studies of systematic thickness variations can help to interpret the observed frequency shifts [7, 15, [29] [30] [31] [32] [34] [35] [36] [37] [38] [39] [40] [42] [43] [44] .
CONCLUDING REMARKS
Piezoelectric microgravimetry using EQCM has become a widely used technique in several areas of electrochemistry, electroanalytical chemistry, bioelectrochemistry, etc. because detecting mass changes, which accompany electrochemical reactions, is helpful for elucidation of mechanisms of various important physicochemical processes. In recent years, automatic, microprocessor-controlled instruments have been introduced, which satisfy most requirements of fundamental and applied research, although their commercial availability is still limited. The majority of investigations have been devoted to ion and solvent transport associated with the electrode reactions and synthesis of electrochemically active polymer modified electrodes . In these papers, many fundamental problems, e.g., viscoelastic be-
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Piezoelectric chemical sensors 1155 havior, plastic changes of the surface layer during the break-in phenomenon, film nonuniformity, and temperature effects have been addressed. EQCM has been applied in diverse fields of science and technology, such as membrane research [80] , metal deposition [81] , electroplating [82] , electrosorption [83] [84] [85] [86] [87] , underpotential deposition [88, 89] , adsorption of biologically active materials [90] , biofilms [91] , layered nanostructures [92] , drug delivery [93] , analytical determination of small ions and biomolecules [12, 95] , self-assembling monolayers [12, [96] [97] [98] , electrochemical oscillations [99] [100] [101] [102] , conducting salts [103] , semiconductors [104] , batteries [105] , and corrosion [106] [107] [108] [109] . EQCM has been combined with rotating disc electrode [110] , probe beam deflection [111] , scanning electrochemical microscopy [111] , or differential electrochemical mass spectrometry [112] . A phase-controlled microbalance for double layer studies [113] and the ac EQCM apparatus [114] have also been developed. Moreover, EQCM has been applied successfully for the surface stress measurements [115] [116] [117] [118] . Simultaneous measurements of impedance and mass loading for the determination of the Q value and validation of the Sauerbrey equation are being now routinely carried out [14] . resonant frequency of the composite oscillator formed from the crystal and the film(s) at the surface; Hz f 0 fundamental resonant frequency of the oscillator in vacuum, before contacting with ambient or before modifying its surface films; Hz f p resonant frequency corresponding to a parallel equivalent circuit arrangement; Hz f n normal frequencies of a free AT-cut quartz oscillator of the thickness t q with neither interface clamped, f n = (n + 1)v/2t q = (n + 1)(µ/ρ) 1/2 /2t q ; Hz f r resonant frequency of ideal oscillator (energy-loss free); Hz f s resonant frequency corresponding to a serial equivalent circuit arrangement; Hz ∆f frequency difference; Hz G conductance; S = Ω -1 k d damping factor, k d = (1/2R)(L/C) 1/2 k wave number or propagation constant, k = 2π/λ; cm -1 k T electromechanical coupling efficiency l length; cm L inductance; Ω s M mass; g m surface mass density (mass/area); g cm -2 n harmonic number (e.g., n = 1 for the fundamental or first harmonic frequency, n = 2 for the second harmonic, and n = 3 for the third harmonic, etc.) N number of cycles of resonant oscillations Q mechanical or electrical quality factor of the resonator ρ f density of film; g cm -3 ρ L density of liquid; g cm -3 ρ q density of quartz, ρ q = 2.648 g cm -3 ρ m density of material deposited on resonator; g cm -3 w width; cm ω angular frequency, ω = 2πf; Hz ac alternating current EQCM electrochemical quartz crystal microbalance IDT interdigitated QCM quartz crystal microbalance SAW surface acoustic wave
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